Neural stem cells (NSCs) in the subventricular zone of the lateral ventricles (SVZ) sustain olfactory neurogenesis throughout life in the mammalian brain. They successively generate transit amplifying cells (TACs) and neuroblasts that differentiate into neurons once they integrate the olfactory bulbs. Emerging fluorescent activated cell sorting (FACS) techniques have allowed the isolation of NSCs as well as their progeny and have started to shed light on gene regulatory networks in adult neurogenic niches. We report here a cell sorting technique that allows to follow and distinguish the cell cycle dynamics of the above-mentioned cell populations from the adult SVZ with a LeX/EGFR/CD24 triple staining. Isolated cells are then plated as adherent cells to explore in details their cell cycle progression by time-lapse video microscopy. To this end, we use transgenic Fluorescence Ubiquitination Cell Cycle Indicator (FUCCI) mice in which cells are red-fluorescent during G 1 phase due to a G 1 specific red-Cdt1 reporter. This method has recently revealed that proliferating NSCs progressively lengthen their G 1 phase during aging, leading to neurogenesis impairment. This method is easily transposable to other systems and could be of great interest for the study of the cell cycle dynamics of brain cells in the context of brain pathologies.
Introduction
Quiescent neural stem cells (NSCs) are the source for adult neurogenesis 1 and can convert into their proliferative "activated" form expressing the EGFR (aNSCs) 2 . Once activated, they give rise to transit amplifying cells (TACs) 3 and then neuroblasts that migrate to the olfactory bulbs (OB) through a tube of astrocytes and finally differentiate into neurons 4, 5 . NSCs and their progeny are organized in specialized "niches" architectures along the lateral ventricles, implicating a myriad of factors controlling their proliferation 6 . The isolation and purification of SVZ neurogenic cells is necessary to illuminate the complex molecular regulation of their proliferation but have remained a challenge for a long time due to the lack of specific markers and adapted techniques.
New approaches using flow cytometry have rendered possible the isolation of NSCs and their progeny from the adult SVZ 2, [7] [8] [9] [10] [11] . Using the stem cell marker LeX 12 along with neuroblast marker CD24 13 and a fluorescence EGF to label EGFR on proliferating cells 2 , we recently developed a FACS strategy allowing the purification of five of the main SVZ neurogenic populations: quiescent and activated NSCs, TACs, immature as well as migrating neuroblasts 9 . Here, we describe in details this cell sorting technique and how a LeX/EGFR/CD24 triple staining allowed for the first time the isolation of both quiescent and activated NSCs.
Although neurogenesis persists during adulthood, the production of new neurons is drastically decreased in the aging brain 14 . Most studies agree on a progressive reduction in the number of proliferating progenitor cells in the SGZ and SVZ [15] [16] [17] [18] [19] [20] . The consequences are not innocuous as the age-related decline in neurogenesis in the SVZ provokes a diminution of newborn neurons in the olfactory bulbs of the aged brain, ultimately leading to impairment in olfactory discrimination in aged mice . We recommend pooling SVZ cells from 2 to 3 mice to have enough material. Do not work with more than 12 mice on the same day so that the cell sorting duration doesn't exceed 3 hr. Keep in mind that working with too many mice on the same day will lead to an increased cell sorting duration possibly resulting in increased cell death and/or cell differentiation.
1. Perform the FACS staining in 100 µl of PBS 0.15% BSA per mouse (or in 200 µl for a group of 2 to 3 mice for optimal staining). 
Cell Sorting
Note: Cells were sorted on a FACS sorter at 40 Psi with an 86 µm noozle. Fluorescence was collected using the following filter set: 520/35nm (FITC), 575/26nm (PE), 670/20nm (Ax647) and 740LP (PC7). Compensation is necessary to prevent false-positive signals as an overlap is found between the emission spectrums of the FUCCI-red fluorescence and the PC7 dye. and draw the sorting gates (Figure 1 ). Sort the cells directly into 100 µl of culture medium in 1.5 ml microtubes.
Preparation of Cells for Microscopy
1. Plate the freshly sorted cells at a density of 1 -3 x 10 3 cells/well on Poly-D-Lysine-coated 96-well µ-Plate with 300 µl of culture medium.
2. Prior to video microscopy, incubate the culture plates at 37 °C and 5% CO 2 at least for 1 hr to allow cell adhesion.
Microscope Setup and Image Acquisition
1. Perform live imaging using a Plan Apo VC 20x DIC objective (NA: 0.75) on a confocal laser scanning microscope system attached to an inverted thermostated chamber at 37 °C under 5% of CO 2 atmosphere. 2. Position the 96-well µ-Plate inside the pre-warmed and equilibrated thermostated chamber and replace the lid by a thermostated cover. 3. Open the NIS-Elements software and click in the menu bar on "Acquire/Acquisition controls/ND acquisition" to select the options of the timelapse (length, stage positions, confocal z-sections,…), "Acquire/Acquisition controls/Ti Pad" to select the objectives and "Acquire/Acquisition controls/A1plus Settings" to select the PMT level for each fluorescence in the menu bar. Select a folder to save the data files. 4. Using the ND acquisition window, set the center of each well as a stage position and select the large image option to 7 x 7 mm². This will create a mosaic image around the center of each well. Set the overlap for the large mosaic image to 5%. Take pictures every 20 min for 24 hr. Select the Plan Apo VC 20x DIC objective (NA: 0.75) in the Ti Pad window. 5. In the A1plus Settings window, acquire images using high speed resonant scanner at a 512 x 512 pixels format with a resolution of 1.26 µm/ pixel. Use brightfield to visualize cell shapes. In the case of FUCCI-Red mice, excite red fluorescence at 561 nm and collect using a 595/50 nm filter. In the case of FUCCI-Green mice, excite green fluorescence at 488 nm and collect using a 530/40 nm filter. Determine the optimal PMT level, offset and laser power for each wavelength. NOTE: We recommend using the autofocus function for the brightfield channel to allow the software to autofocus at each stage position before each acquisition. Hint: A Plan Apo VC 20x DIC objective (NA: 0.75) was used for its excellent resolution without the need for oil. Other objectives may be used depending on the optical resolution desired. 6. Select the 'Run now' button on the ND acquisition window to begin acquisition. (Figure 2C,D) , select a single red fluorescent cell (in G 1 ) and then set t = 0 (S phase will begin once the red-fluorescence switches off). Count the number of frames until the cell divides to estimate the S-G 2 /M length. NOTE: The calculated time depends on the time interval between each frame. 5. To calculate the following G1 phase (Figure 2C,D) , continue to track the cell that just divided. If the divided cell enters G1 phase, there will be an accumulation of cdt1 red-fluorescent protein. Calculate the number of frames until red-fluorescence switches off again for each cell. Hint: At the beginning of G 1 the red fluorescence might be weak so choose the onset of the G 1 phase on the frame where the cell has divided to avoid approximations.
Representative Results
The ability to reliably discriminate between the different cell populations of the adult mouse SVZ stem cell lineage is primordial to investigate their functional properties. To that purpose, we have developed a LeX/EGFR/CD24 triple-labeling strategy allowing the purification of specific cell populations from the adult SVZ: quiescent NSCs (LeX FUCCI-Green mice can also be used to visualize the S-G 2 /M phase with green fluorescence (Figure 3A,B) but cells have to be pre-sorted using separation columns as LeX-FITC antibody shared the same emission wavelength than the FUCCI-green fluorescence ( Figure 3C ). An example of FUCCI-green fluorescence for the first S-G 2 /M phase of young adult LeX + EGFR + and EGFR + cells is shown in Figure 3D . . Coupled with the FUCCI technology which permits the visualization of cell cycle progression in living cells 23 , we developed a rapid and efficient technique to follow the G 1 and S-G 2 /M phases of the cell cycle from young adult and aged mouse brain cells.
The cell sorting technique used in this protocol was the first validated combination of markers allowing the purification of the five main neurogenic populations from the SVZ 9 . It was also the first validated technique enabling the distinction of quiescent and activated NSCs. It is noteworthy that this technique does not require the use of transgenic mice per se, which is necessary when adapted to transgenic mouse models such as FUCCI. Since then, Codega et al. 10 have used a GFAP-GFP/CD133/EGFR triple labeling combination to distinguish quiescent NSCs from their activated counterpart but it cannot be adapted to FUCCI technology as it requires the use of GFAP-GFP transgenic mice. Mich et al.
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have developed a Glast/EGFR/CD24 triple labeling strategy that shares common results with the technique used in this study 9 . Indeed, a high correlation between LeX and Glast NSCs markers was already observed in Daynac et al. study 9 . However, the Glast antibody used in the Mich et al. technique is coupled to phycoerythrin and thus cannot be adapted with the use of FUCCI-Red mice.
There are several important technical points that require attention before sorting SVZ cells. First, the dissociation step is very important as the brain tissue has to be dissociated into single cells while preserving the structural integrity of the proteins used for the antibody labeling strategy. 0.05% trypsin-EDTA has been shown to be very effective in dissociating SVZ tissue 27 but the LeX antigen was found to be highly sensitive as almost all LeX-FITC immunofluorescence was lost (data not shown). Thus, papain was used as it was more efficient and less destructive than other proteases on brain tissue. Moreover, neither LeX nor EGFR nor CD24 were affected by papain treatment. It should be noted that the antibody labeling was altered if the papain treatment exceeded 15 min. We obtained optimal results with a 10 min papain treatment associated with a mechanical dissociation (pipette up and down 20 times).
The poly-D-Lysine coating allows culture of adherent cells and the formation of colonies after several days in culture. It is now widely accepted that in vitro assays comes with their limitations 28, 29 . We recommend determining only the first cell cycle for the cells undergoing at least one subsequent division to stay as close as possible to the in vivo cell phenotype.
It is noteworthy to mention that the Geminin (green fluorescence) and Cdt1 (red fluorescence) proteins used to design the FUCCI system 23 were previously shown to be abundantly expressed by neural progenitors during early neurogenesis in mice 30 and in adult brain tissues 9, 25 . Although the mKO2-hCdt1(30/120) construct was mainly used in the present study to follow the G1 phase with red fluorescence, the use of both constructs [mKO2-hCdt1(30/120) and mAG-hGem(1/110)] could be envisioned to allow the visualization of the major phases of the cell cycle (G 1 and S-G 2 /M) as well as the G 1 /S transition 23 . The main drawback of the dual-color imaging is the limited compatible sets of fluorescence that can still be used for the cell labeling. One solution is to use separation columns. For example, we have successfully depleted the CD24-positive fraction from cells using separation columns before cell sorting and live-imaging as we used a CD24-PE antibody that shared the same emission wavelength than the FUCCI-Red fluorescence 25 .
Few studies have investigated the cell cycle length of adult mouse SVZ populations. The total cell cycle length obtained with our technique is close to the one estimated in vitro by Costa et al. 21 , but we were able for the first time to distinguish the different cell cycle phases. In an in vivo study, Ponti et al. 22 used the incorporation of thymidine analogs to determine the proliferation dynamics of the different SVZ cell populations.
However, they could neither perform a continuous monitoring of the cell cycle nor track the cells at the single-cell level. This could be an issue as it was shown that a strong heterogeneity exists within a given SVZ cell population 22, 25 . We describe here an alternative in vitro technique, easy to set up, that allows the live imaging of the cell cycle phases of different adult neurogenic populations at a single-cell level.
Understanding the regulation of the cell cycle of neural stem cells and progenitors remains a challenge for the development of new therapeutic approaches in the context of aging or brain pathologies. Our protocol can thus have a wide range of applications. In the context of aging, this technique could also prove useful to understand the effects of aging on NSCs differentiation. Indeed, it is possible to identify neural stem/ progenitor cells entering differentiation as their red fluorescent intensity is distinctively higher 26 . Finally, it could also be of interest to exploit the continuous live imaging at a single-cell level to study the cell intrinsic and extrinsic processes responsible for the lineage progression of adult NSCs.
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